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ABSTRACT OF THESIS 
 
 
ALTERATIONS IN ACTIVE AND PASSIVE BEHAVIOR OF LOWER BACK 
TISSUES FOLLOWING SIX SESSIONS OF HIGH VELOCITY LOW AMPLTIUDE 
SPINAL MANIPULATIVE THEARPY FOR HEALTHY PARTICIPANTS 
 
Non-specific low back pain (LBP) is a major health problem affecting a 
substantial portion of the population. The current treatments offered for non-specific LBP 
are oftentimes unsuccessful because the acting mechanism(s) of most treatment options 
are unknown. Obtaining a better understanding about the acting mechanism behind 
existing treatment options is, therefore, essential for the improvement of non-specific 
LBP treatment and management. The objective of this study was to gain a more 
comprehensive understanding about the acting mechanism of high velocity low amplitude 
spinal manipulative therapy, specifically the impact that high velocity low amplitude 
spinal manipulative therapy may have on the active and passive spinal musculoskeletal 
stabilizing subsystems along with the resultant spinal stability for healthy participants. A 
pre-post intervention study design completed by six healthy participants was used to 
quantify changes in the above noted aspects of spinal stability using a series of tests 
performed both before and after six sessions of high velocity low amplitude spinal 
manipulative therapy. The tests included seated balancing tests, lower back range of 
motion tests, and stress relaxation test. The six sessions of high velocity low amplitude 
spinal manipulative therapy did not significantly affect any of the test measurements 
among our healthy participant group. 
 
KEYWORDS: high velocity low amplitude spinal manipulative therapy, unstable seated 
balancing tests, lower back range of motion, stress relaxation 
 
 
Emily Croft 
February 28, 2016 
ALTERATIONS IN ACTIVE AND PASSIVE BEHAVIOR OF LOWER BACK 
TISSUES FOLLOWING SIX SESSIONS OF HIGH VELOCITY LOW AMPLTIUDE 
SPINAL MANIPULATIVE THEARPY FOR HEALTHY PARTICIPANTS 
By 
Emily C. Croft 
Dr. Babak Bazrgari 
Director of Thesis 
Dr. Abhijit Patwardhan 
Director of Graduate Studies 
February 28, 2016 
Date 
iii 
ACKNOWLEDGEMENTS 
I want to thank everyone who has been a part of my journey throughout my master’s 
thesis process. I would first like to thank my advisor Dr. Babak Bazrgari. Thank you for 
your guidance throughout this entire process. You were a great mentor. I cannot thank 
you enough for your help, advice, and suggestions throughout this process. Your support 
and encouragement played a major part in the finishing of my thesis. Thank you to my 
other committee members: Dr. Shin and Dr. Nitz for your advice and suggestions.  
Thank you to my previous and current lab mates: Iman Shojaei, Milad Vazirian, and 
Rebecca Tromp. Thank you Rebecca for your guidance during the initial phases of my 
thesis. Thank you Iman and Milad for your help with the data collection sessions and 
analysis. I have enjoyed working with and learning from all of you. Also, thank you 
Derek Cryer for your help during some of the data collection sessions as well.  
Thank you to both Dr. Author Nitz and Grant Sanders for your help in screening the 
potential participants, as well as administering the treatments throughout the study. This 
study would not have been possible without your contributions.  
Finally, I want to thank my family, specifically my parents. Your unwavering support 
was essential in getting me through this process. You are always there when I need words 
of encouragement and guidance, and I could not have done this without you.  
iv 
Table of Contents 
Acknowledgments.............................................................................................................. iii 
List of Tables ..................................................................................................................... vi 
List of Figures ................................................................................................................... vii 
Chapter 1: Introduction ........................................................................................................1 
Chapter 2: Background ........................................................................................................3 
2.1 Non-Specific Low Back Pain ................................................................................3 
2.2 Spinal Stability ......................................................................................................3 
2.3 Seated Balance Tests .............................................................................................4 
2.4 Spinal Manipulative Therapy ................................................................................5 
2.5 Previous Studies of Spinal Stability Using the Unstable Seat Device ..................8 
2.6 Summary .............................................................................................................18 
Chapter 3: Methods ............................................................................................................20 
3.1 Participants ..........................................................................................................20 
3.2 Study Design .......................................................................................................20 
3.3 Consenting and Screening Process ......................................................................21 
3.4 Experimental Procedure ......................................................................................22 
3.4.1 Seated Balancing Tests ................................................................................22 
3.4.1.1  Calibration Procedure .............................................................................22 
3.4.1.2  Seated Balancing Tests ...........................................................................25 
3.4.2 Lower Back Range of Motion Tests ............................................................27 
3.4.3 Stress Relaxation Test ..................................................................................28 
3.4.4 Treatment .....................................................................................................32 
3.5 Data Analysis ......................................................................................................32 
3.5.1 Lower Back Range of Motion Tests ............................................................32 
3.5.2 Stress Relaxation Test ..................................................................................33 
3.5.3 Seated Balance Tests Stability Measures .....................................................35 
3.5.3.1  Kinematic Variability .............................................................................35 
v 
3.5.3.2      Nonlinear Stability Analysis ...................................................................36 
3.6 Statistical Analysis ..............................................................................................37 
Chapter 4: Results ..............................................................................................................39 
4.1 Seated Balancing Tests ........................................................................................39 
4.1.1 Kinematic Variability ...................................................................................40 
4.1.2 Nonlinear Stability Analysis ........................................................................40 
4.2 Lower Back Range of Motion Tests ...................................................................40 
4.3 Stress Relaxation Test .........................................................................................41 
4.3.1 Bending Stiffness .........................................................................................42 
4.3.2 Relaxation Moment ......................................................................................42 
4.3.3 Dissipated Energy ........................................................................................42 
Chapter 5: Discussion ........................................................................................................43 
5.1 Seated Balancing Tests ........................................................................................43 
5.2 Lower Back Range of Motion .............................................................................45 
5.3 Stress Relaxation .................................................................................................46 
5.4 Limitations ..........................................................................................................48 
Chapter 6: Future Work .....................................................................................................50 
6.1 Future Work ........................................................................................................50 
Appendix A: Institutional Review Board Forms ...............................................................52 
A.1    Study Advertisement Flyer ...................................................................................52 
A.2    Consent Form .......................................................................................................53 
A.3    Participant Information and Screening Form .......................................................58 
A.4    Physical Examination Form .................................................................................62 
References ..........................................................................................................................64 
Vita .....................................................................................................................................68 
vi 
 
List of Tables 
 
Table 4.1: Results from the Seated Balancing Tests ......................................................... 39 
Table 4.2: Results from the Lower Back Range of Motion Tests ...................................... 41 
Table 4.3 Results from the Stress Relaxation Test ............................................................ 41 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
vii 
 
List of Figures 
 
Figure 3.1: The Wobble Chair .......................................................................................... 23 
Figure 3.2: Wobble Chair Positions During Calibration ................................................. 24 
Figure 3.3: Position of Participant During the Seated Balancing Tests .......................... 26 
Figure 3.4: The Metal Platform and Harness .................................................................. 29 
Figure 3.5: The Connecting Rod ...................................................................................... 30 
Figure 3.6: The Complete Device Set-Up for the Stress Relaxation Test ......................... 30 
Figure 3.7: Platform Rising During Stress Relaxation Test ............................................. 31 
Figure 3.8: Rotation of the Pelvis and Thorax ................................................................. 33 
Figure 3.9a-b: Relaxation Moment and Energy Dissipated ............................................. 35 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1 
 
Chapter 1: Introduction 
Low back pain (LBP) is a major socioeconomic issue affecting approximately 60-
80% of the population during their lifetime. At any moment in time, an estimated 12-30% 
of adults are suffering from LBP [1]. The financial burden of LBP is also significant. The 
direct and indirect costs in the United States from LBP cases have been estimated in the 
range of 19.6 to 118.8 billion dollars annually [2]. There are two main obstacles with 
LBP treatment: 1.) the underlying source for the majority of LBP cases is unknown (i.e. 
non-specific LBP), and 2.) the acting mechanism(s) of most treatment options available 
for such non-specific LBP cases is unknown. The low success rate of treatments offered 
for non-specific LBP may in part be attributed to these two important obstacles [3]. 
Even though the underlying source of the majority of LBP cases is unknown, 
instability of the spine has been suggested to play an important part in the development of 
LBP [4][5]. Without a stabilizing system, the vertebral column would fail under an 
applied compressive load surpassing 20 N [6]. The spine is stabilized by a synergy 
between three subsystems of the spinal stabilizing system namely: the passive 
musculoskeletal subsystem, active musculoskeletal subsystem, and neural and feedback 
subsystem [7]. Vertebrae, intervertebral discs, ligaments, facet joints, and joint capsules 
make up the passive musculoskeletal subsystem. The muscles and tendons encompassing 
the vertebral column make up the active musculoskeletal subsystem. Force and motion 
transducers are positioned within the components of the passive and active 
musculoskeletal subsystems, and both the central nervous system and the force and 
motion transducers make up the neural and feedback subsystem. Spinal instability can be 
attributed to dysfunction in one or more of these subsystems [7]. Therefore, the study of 
treatment-induced changes in these spinal stabilizing subsystems may help verify whether 
a given treatment option alleviates LBP via improving spinal stability. Obtaining a better 
understanding about the acting mechanism of existing treatment options, for this project 
specifically spinal manipulative therapy (SMT), is essential for the improvement of LBP 
treatment and management. 
An accepted treatment for LBP relief is SMT. There have been numerous studies 
conducted evaluating the efficacy of SMT as a treatment option for non-specific LBP, 
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and although treatment efficacy is still under debate, the general consensus is SMT is 
effective [8][9][10][11]. Nonetheless, previous studies have also shown that not all LBP 
patients positively respond to SMT [8][9]. Therefore, gaining more information about the 
mechanisms behind high velocity low amplitude (HVLA) SMT may potentially help 
identify responder patients to help increase treatment success rate. The basis of HVLA 
SMT is the application of a force directed onto a target joint [12]. The HVLA thrust 
causes physiological, biomechanical, and neuromuscular changes in the trunk and spinal 
column, and if successful, reestablishes the normal physiological motion and function of 
the target joint and reduces the level of pain perceived by LBP patients [12] [13][14] (see 
§ 2.4). These changes occur in the components of the active and passive musculoskeletal 
subsystems, so it is likely that an improvement in the status of spinal stability following 
treatment may play a role in the effectiveness of this treatment for certain LBP patients. 
To test such a general hypothesis two important questions should be answered: 1) what, if 
any, is the impact of such treatment-induced changes in the lower back tissues on the 
active and passive mechanical behavior of the lower back tissues and 2) if changes occur, 
how will these changes in the active and passive mechanical behavior of lower back 
tissues affect spinal stability? Answering the above two questions may help gain a better 
understanding about the acting mechanism of HVLA SMT. 
The objective of the present study was to address the questions proposed in the 
previous paragraph. More specifically, to gain a more comprehensive understanding 
about the acting mechanism of SMT, the impact that HVLA SMT may have on the active 
and passive musculoskeletal stabilizing subsystems, and the resulting effect on spinal 
stability. This study was originally designed to include both LBP patients and healthy 
participants. Our original hypothesis was that compared to healthy participants, the LBP 
patients would demonstrate a greater improvement in the state of spinal stability. Due to 
various constraints, the scope of the present study was adjusted to include only healthy 
individuals, however, we still expected to see positive changes in the state of spinal 
stability. The investigation of SMT-induced changes in the state of stability among 
healthy individuals is expected to establish a baseline for future investigation wherein the 
beneficial effects of HVLA SMT can be evaluated for LBP patients. 
3 
Chapter 2: Background 
2.1 Non-Specific Low Back Pain 
“Pain localized between the 12th rib and the inferior gluteal folds, with or without 
leg pain” [1] is classified as LBP. The underlying cause of the LBP is only identified in 
approximately 5-10% of LBP cases, and these LBP cases are classified as specific LBP 
cases [1]. The underlying cause of the LBP for specific LBP cases include but are not 
limited to tumor, osteoporosis, infection, fracture, inflammatory disorder, radicular 
syndrome, or cauda equine syndrome [3]. A significant limitation for the diagnosis and 
treatment of the majority of LBP cases is that the underlying cause is unknown. This type 
of LBP is classified as non-specific LBP. Non-specific LBP is identified as a pain 
resulting from an unknown underlying source. There are a large number of treatments 
currently offered for non-specific LBP relief, but because the source of the majority of 
LBP cases is unknown, many of the treatments are relatively unsuccessful in relieving the 
pain [3].  
2.2 Spinal Stability 
Even though the underlying mechanism for most LBP cases is unknown, 
instability of the spine has been identified as a risk factor for the development of LBP [7]. 
A compressive load that is greater than 20 N would cause the vertebral column to buckle 
[6]. The vertebral column therefore requires a system to stabilize the column and prevent 
buckling under the 500-1000 N compressive loads experienced on a daily basis, as well 
as the loads experienced during more strenuous activities [15]. The vertebral column 
stabilizing system consists of three components: 1). passive musculoskeletal subsystem, 
2). active musculoskeletal subsystem, and 3). neural and feedback subsystem. Although 
the three subsystems are separated for conceptual purposes, the subsystems work 
interdependently [7]. The passive musculoskeletal subsystem includes vertebrae, 
intervertebral discs, ligaments, and facet joints [7][15]. The passive musculoskeletal 
subsystem does not directly contribute to the stability of the vertebral column until the 
end range of motion of the spine. At this point, the passive musculoskeletal subsystem 
components generate reactive forces to inhibit motion of the spine. Before this point, the 
passive musculoskeletal subsystem components act as transducers to provide important 
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positional information necessary for the other two subsystems to function properly. The 
active musculoskeletal subsystem includes the muscles and tendons encompassing the 
vertebral column that generate the necessary forces to stabilize the vertebral column. The 
tendons and muscles also contain force transducers to provide information about the 
forces generated by the muscles. The neural subsystem transmits the transducer signals 
from the other two subsystems in order to provide the necessary stability forces, and then 
guides the active musculoskeletal subsystem to generate the forces needed to establish 
stability for the vertebral column [7]. Different experimental and computational methods 
have been used to study spinal stability [6][16][17][18][19][20][21]. The unstable seated 
balance test is one of the experimental methods currently used to study spinal stability 
[5]. 
2.3 Seated Balance Tests 
Previous studies have investigated the postural control of participants suffering 
from neuromuscular disorders. During these studies, participants were instructed to 
maintain a quiet standing position on a force plate. The participant’s center of pressure 
(CoP) movement (body sway) was measured by the force plate during the quiet standing 
position. Of these studies, several found that the participants suffering from LBP 
exhibited a lower level of postural control than the healthy participants. The underlying 
system of lumbar postural control cannot be understood entirely from studying a quiet 
standing posture because adjustments to posture can be accomplished through a 
combination of or individually by the ankle, knee, hip, and lumbar joints of the spine. 
While seated, the lumbar postural control is separated from the influence of the ankle, 
knee, and hip joints. Therefore, a surrogate method for studying postural control of the 
trunk was developed by studying a participant’s body sway during seated balancing tasks 
on an unstable seat apparatus (wobble chair) [22]. This surrogate method has been 
connected to stability of the spine, and LBP patients have displayed a difference in body 
sway on the wobble chair when compared to healthy participants [5].   
5 
 
2.4 Spinal Manipulative Therapy 
Americans are increasingly adopting manual therapies in addition to or in 
replacement of conventional medical care [23] [24] [25], particularly those suffering from 
back problems [23][26][27]. Of those manual therapies, SMT is a commonly used 
treatment for non-specific LBP. Although there are multiple forms of SMT, this study 
focused on the HVLA technique. The goals of HVLA SMT are the reestablishment of the 
normal physiological motion and function of the joint, reduction of pain, and the 
prevention of LBP reappearance [13][14]. The basis of HVLA SMT is the application of 
a force directed onto a target joint. This mechanical action results in deformations onto 
the spinal column and adjacent soft tissues [12]. During the SMT, a pre-load force is 
initially applied onto the target joint to move the joint to its passive end range of motion 
[9][12]. The actual HVLA treatment occurs when the clinician applies a high velocity, 
low amplitude thrust onto the targeted joint, which results in the targeted joint moving 
past the joint’s passive end range of motion [12]. Although there is a limited amount of 
confirmed information about the underlying mechanisms of HVLA SMT, there are 
multiple theories available, some supported by research, about the biomechanical, 
physiological, and neuromuscular changes that occur as a result of HVLA SMT and their 
possible effect on relieving LBP symptoms.  
Multiple studies have investigated the induced biomechanical changes occurring 
during HVLA SMT. Studies completed by Gal et al [28][29] used bone pins to 
investigate vertebral body movement at the targeted and neighboring joints in human 
cadavers throughout the HVLA SMT. The bone pins were implanted into three adjoining 
thoracic vertebral bodies, and the relative movement was calculated for the initial pre-
load phase and HVLA thrust phase. The pre-load phase had considerable relative 
movement of all three vertebral bodies, and additional relative movement occurred for all 
three vertebral bodies throughout the HVLA thrust phase [12]. A study completed by 
Nathen et al [30] implanted pins within the spinous processes of the lumbar vertebrae to 
investigate the intervertebral displacement in the lumbar spine when an HVLA thrust is 
applied to the L2 spinous process. The maximum axial displacement generated was 
1.62mm +/- 1.06 mm, the maximum shear displacement generated was 0.48 +/- 0.1 mm, 
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and the L3- L4 spinal motion segment rotation generated was 0.89 +/- 0.49˚. These 
studies support the idea that there is a displacement of the spinal motion segment during 
both the pre-load and thrust phase of the HVLA SMT [31].   
One proposed reasoning for why HVLA SMT is an effective treatment for certain 
types of facet joint related LBP is HVLA SMT potentially breaks up adhesions that have 
formed on the facet joints. The premise behind this theory is that hypomobility of a facet 
joint results in the formation of adhesions on the joint, and these adhesions inhibit the 
joint’s normal range of motion. The HVLA thrust is thought to cause a separation 
between the joint’s articular surfaces, thereby breaking up adhesions and restoring the 
mobility of the joint. As a result, the physiological range of motion of the spinal motion 
segment is also restored [13]. A study completed by Cramer et al [32] confirmed the 
theory that the articular surfaces of the facet joints in the lumbar spine separate during the 
HVLA thrust phase of SMT for healthy participants. This theory has not been tested on 
participants suffering from LBP [13].  
HVLA SMT has also been suggested to release trapped meniscoid. The idea 
behind this theory is that during lumbar spine flexion, the inferior articular process on the 
facet joint shifts up, which by default, moves the meniscoid. Upon extension of the joint, 
the inferior articular process and the meniscoid move toward their natural anatomical 
position. In some instances though, when the meniscoid attempts to return to the joint 
cavity, the meniscoid collides with the articular cartilage and buckles. This proposed 
buckling creates the formation of a lesion beneath the capsule. This space-filling lesion 
generates tension within the capsule. Since a large quantity of nociceptors are located 
within the facet joint capsules, the generated capsular tension may lead to pain and 
inhibition of movement. HVLA SMT is thought to open the joint and allow the 
meniscoid to return to its natural anatomical position, thereby reducing pain and restoring 
movement [33].   
HVLA SMT has also been used to relieve symptoms of intervertebral disc related 
LBP. Using cadavers, Maigne et. al [34] observed that the internal pressure of an 
intervertebral disc changed during HVLA SMT. Upon the initial application of the 
HVLA thrust, the internal pressure of the disc increased as the two adjoining vertebral 
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bodies moved closer together. During the final portion of the HVLA thrust, the vertebral 
endplates separated, and the internal disc pressure decreased. After the HVLA thrust, the 
internal disc pressure quickly returned to its baseline value [34][35]. The alterations in 
internal pressure of the intervertebral disc during the HVLA SMT could potentially 
explain some of the observed clinical benefits in patients suffering intervertebral disk 
related LBP. One theory behind the disc related LBP relief is that a part of the nucleus 
pulposus becomes embedded within the annulus fibrosus. This leads to disc related LBP. 
This theory relies on the idea that the HVLA SMT could potentially return the embedded 
fragments back to the nucleus pulposus as a result of the pressure change during the 
HVLA thrust phase. This theory has yet to be confirmed or supported [35]. Another 
theory behind disc related LBP relief involves the stress concentrations that occur within 
an intervertebral disc. Adams et al [36] observed that under a sustained load, pressure 
peaks occur within the lumbar disc, and these pressure peaks occurred at the disc 
locations under the largest stress concentration. For this theory, the peaks in pressure are 
thought to stimulate the nerve endings located within the annulus fibrosus and endplates 
and cause pain. The change in internal pressure of the intervertebral discs during the 
HVLA thrust may lower the peak pressure amplitude, and as a result, lessen the disc 
related LBP. This theory still requires in vivo studies [35]. 
The biomechanical effects from an HVLA SMT are also thought to bring about 
changes in the signaling process of sensory neurons located within the paraspinal tissues.   
This theory arises from the idea that an HVLA thrust applied to the spinal motion 
segment creates a biomechanical overload. This overload may affect the signaling 
process of neurons sensitive to mechanical and chemical changes, and these alterations in 
sensory input may potentially impact reflex activity and pain processing [31].  
HVLA SMT is thought to elicit a reflex response in the paraspinal muscles [31]. 
A study completed by Herzog et al [37] used surface electrodes on asymptomatic 
participants to investigate the paraspinal muscle reflex response at the location of the 
SMT. Following the application of the HVLA thrust, the electromyography (EMG) 
response from the paraspinal muscles was recorded within 50-200 milliseconds and 
ended after 100-400 milliseconds. No EMG activity was measured during the pre-load 
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phase of the treatment. Since no EMG activity was observed during the pre-load phase 
and the muscle activity lasted only 100-400 milliseconds, this suggests that the recorded 
response from the paraspinal muscles was a reflex response [12]. The muscle reflex 
response produced from the HVLA SMT may contribute to certain observed SMT 
clinical benefits, such as a decrease in either/both pain and muscle hypertonicity [37].  
Alterations in pain processing has also been suggested as a possible outcome of 
SMT [31]. Glover et al [38] used LBP patients to study portions of the skin in the lumbar 
region sensitive to a pinprick (e.g. pinprick results in pain) to investigate the difference in 
pain sensitivity before and after SMT. Following the SMT, the area of skin sensitive to 
the pinprick decreased in the patients who received the SMT in comparison to the 
patients in the control group [31]. Terrett and Vernon [39] used electrical stimulation to 
investigate the changes in pain sensitivity of paraspinal tissues following SMT for 
thoracic back pain participants. A pain threshold was first determined. The threshold was 
the smallest amount of current needed to produce pain. 30 seconds after the SMT, the 
pain tolerance of the particpants increased significantly, and continued to increase for 9 ½ 
minutes. These studies suggest that the signaling process for nociceptors located within 
the paraspinal tissues may alter as a result of SMT [31].  
2.5 Previous Studies of Spinal Stability Using the Unstable Seat Device 
Multiple studies have investigated the state of stability of the spine through the 
use of an unstable seat device. Cholewicki et al [22] fabricated the initial unstable seat 
device to investigate postural control in the lumbar region of the spine while performing 
balancing tasks on an unstable seat.  
Cholewicki et al [22] used his unstable seat device to establish a procedure to 
evaluate the lumbar postural control region during unstable sitting tasks for 11 healthy 
participants. For the unstable seat design, the chair was attached to the bottom of a 
polyester resin hemisphere. Changing the levels of difficulty of the balancing tasks was 
accomplished through the use of varying hemisphere diameters. The smaller the diameter 
of the hemisphere, the more difficult the task of maintaining an upright balanced posture 
(e.g. a smaller diameter sphere resulted in an increase in the instability of the seat). Four 
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levels of difficulty, 0 1 2 3, were used for the balancing tasks. A 0 level of difficulty was 
a flat surface, and the instability of the seat increased with each level. At the 1st, 2nd, and 
3rd difficulty level, the participants first completed 1 minute of balance practice on the 
unstable seat before completing five seated balancing tests for each difficulty level. No 
practice trials were performed for the 0 difficulty level. For each of the five tests, the 
actual data collection did not begin until the participant had achieved a steady state 
condition with regards to balance control. Once steady state had been achieved, the 
participant continued to try and maintain a balanced position for an additional 7 seconds. 
Data was only collected during the 7 second balancing portion of the test. Random walk 
analysis and CoP summary statistics (RMS, MAX, and PATH) were calculated (see 
§3.5.3.1 for a description of RMS and PATH). MAX is the maximum distance that the 
CoP traveled during the balancing test. All the summary statistics were calculated in the 
anterior-posterior, medial-lateral, and radial directions. For the random walk analysis, a 
stabilogram was constructed from the five tests for each difficulty level. This stabilogram 
displayed two regions, the short-term region and long-term region. A straight line was 
fitted on both regions, and the slopes formed the diffusion coefficients Ds (short-term 
slope) and Dl (long-term slope). The point where the line transitions from the short-term 
region to the long-term region is the critical point (Cp). The exponential approximation 
for the short-term and long-term region formed the scaling exponents Hs (short-term 
region) and Hl (long-term region). All of the CoP summary statistics showed a significant 
increase as the level of difficulty of the balancing tasks increased. Ds and Dl generally 
displayed an increase in relation to an increase in the level of difficulty. Hs displayed a 
significant increase for difficulty levels 1-3 in comparison to the 0 difficulty level. The 
difficulty level had no effect on Hl. The CoP summary statistics and the short-term region 
Ds and Hs values displayed excellent repeatability. For the long-term region, Dl displayed 
only fair repeatability, and Hl displayed poor repeatability [22].  
A study completed by Radebold et al [40] used Cholewicki’s unstable seat design 
to examine the differences in lumbar postural control between 16 chronic LBP patients 
and 14 healthy participants. The LBP patients and healthy participants completed seated 
balancing trials using the same device and stability measures used in the study completed 
by Cholewicki et al [22]. The only difference between the two study protocols is the 
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particpants in this study completed the balancing tests for both eyes open and closed, 
otherwise the procedures used in the two studies were the same. For the healthy 
participants, 71% of the participants were successfully able to balance at the 3rd level of 
difficulty for the eyes closed position, and 100% of the participants successfully balanced 
at all four difficulty levels for the eyes open condition. For the chronic LBP patients, only 
13% of the patients were successfully able to balance at the 3rd level of difficulty for the 
eyes closed condition, and only 69% of the patients were able to balance at the 3rd level 
of difficulty for the eyes open condition. The results suggest that LBP patients rely 
heavier on visual feedback than healthy participants. The LBP patients demonstrated 
larger values for the CoP summary statistics than the healthy participants. For the 1st and 
2nd difficulty level, the LBP patients demonstrated significantly worse CoP summary 
statistics in the anterior-posterior direction than the healthy participants, and significantly 
worse CoP summary statistics in the medial-lateral direction at the 2nd difficulty level. 
The diffusion coefficients Ds (short-term region) and Dl (long-term region) were greater 
for the LBP patients, and the diffusion coefficients differences between the two groups 
grew as the level of difficulty increased. The scaling exponent Hs (short-term region) was 
larger in the healthy participants than the LBP patients, but both groups had an Hs value 
larger than 0.5. The scaling exponent Hl (long-term region) was not affected by either the 
level of difficulty, visual feedback, or whether the participant was healthy or suffering 
from chronic LBP. This study found that chronic LBP patients demonstrated larger body 
sway, and therefore worse lumbar postural control, than healthy participants when 
balancing on an unstable seat device [40].     
A study completed by Dieën et al. [41] used Cholewicki’s original unstable seat 
design. The study examined the various parameters used to quantify sway (CoP 
movement) during the balancing tasks for 331 participants in an attempt to identify the 
independent parameters of sway, the test-retest reliability, and the parameters of sway 
connected to loss of balance during the seated balancing tasks. The 331 participants were 
divided into 3 groups: 1.) current-LBP patients, 2.) participants who experienced LBP 
within the last year (recent-LBP), and 3.) healthy participants [42]. Each participant 
initially completed two minutes of practice trials before completing three 30 second 
seated balance tests. The polyester resin hemisphere diameter remained the same for all 
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three seated balance tests. Data recorded in the initial 5 seconds of the three seated 
balance tests was removed during analysis to prevent non-stationarity data from affecting 
the results. The test-retest reliability of the majority of the sway parameters was low, as 
well as largely intercorrelated (e.g. offering no unique information). Hs (short-term region 
scaling exponent) seemed to include unique information and displayed an adequate 
reliability. Parameters demonstrating a low test-retest reliability, as well as those deemed 
highly correlated, were removed from any more analysis. The remaining parameters were 
analyzed to determine the parameters related to loss of balance. Of the remaining 
parameters, only a low meanV (average CoP velocity) and a high Ds (short-term region 
diffusion coefficient) were significantly related to loss of balance during the seated 
balancing tasks when performing multivariate analysis. Meaning those participants who 
displayed a smaller meanV and a higher Ds were more likely to exhibit loss of balance 
during the balancing tests. None of the parameters displayed a relation to loss of balance 
when performing univariate analysis. The reason for the low reliability for the majority of 
the sway parameters could be attributed to the trail duration time, which was only 30 
seconds. Therefore, a higher trial duration could result in a greater reliability for more of 
the parameters of sway [41].  
The data collected in the Dieën et al. [41] study described above was also used to 
investigate how the sway parameters used to quantify lumbar postural control during 
seated balance tests altered between the three groups of participants [42]. The RMS in the 
anterior-posterior and medial-lateral directions, and the mean power frequency (MPF) 
were two of the sway parameters investigated in the study. The MPF was determined by 
calculating the frequency of the CoP displacements in the anterior-posterior and medial-
lateral directions. Stabilogram diffusion analysis was also used to determine the diffusion 
coefficient Ds (short-term region). The recent LBP group demonstrated the lowest values 
for RMS in both directions, and the RMS values in the recent LBP group were 
significantly less than the healthy participants. For the MPF, the current LBP group 
demonstrated the lowest values of MPF in both directions. The LBP group MPF value 
was significantly less than the two other groups in the anterior-posterior direction and 
was significantly less than the recent LBP group in the medial-lateral direction. The 
healthy participants demonstrated the largest values of Ds in both directions, but a 
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significant difference between the healthy participants and the two other groups only 
occurred for the Ds value in the anterior-posterior direction. This study had the opposite 
finding of Radebold et al [40] with regards to differences in postural sway between LBP 
patients and healthy participants. The Radebold et al found that healthy participants 
demonstrated smaller RMS, PATH, and MAX values than LBP patients, whereas the 
current study found that healthy participants did not have the smallest RMS and MPF 
values in comparison with the current LBP group and recent LBP group. The two studies 
did have a difference with regards to the LBP patients. Radebold et al used chronic LBP 
patients, whereas Dieën et al used LBP patients with self-reported pain and no 
specifications with regards to the length of time of the current LBP group [42]. 
A study completed by Reeves et al [43] used Cholewicki’s initial unstable seat 
design to investigate the connection between postural control and the stiffness of the 
trunk during balancing tasks on an unstable seat. A decrease in the passive stiffness of the 
trunk may occur following an injury. This loss may result in a stabilizing system less 
capable of handling perturbations. A potential approach to compensate for a weakened 
trunk passive stiffness is to increase the level of activation in the active musculoskeletal 
stabilizing subsystem, but an increase in the active musculoskeletal stabilizing subsystem 
would also increase the signal dependent noise (SDN). Increased activation requires the 
recruitment of extra motor units. This additional recruitment causes an increase in the 
development of internal noise in the system. This internal noise acts as an internal 
perturbation on the spine which could potentially degrade the active musculoskeletal 
stabilizing subsystem’s performance in tasks needing exact motor control. Therefore, the 
primary objective of the Reeves et al study [43] was to investigate whether the 
performance in movements needing exact motor control was comprised when the 
stiffness of the spine increased, and if the performance was compromised, what was the 
reason for the degradation. The polyester resin hemisphere diameter remained the same 
throughout the balancing tasks. Four conditions were used on the unstable seat: control, 
belt, co-activation of trunk, and arm co-activation. For the belt task, the participants wore 
a lumbosacral brace to increase the level of passive stiffness in the trunk. For the co-
activation of the trunk task, participants were instructed to increase the activation of the 
muscles in their trunk during the balancing task in order to increase the level of active 
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stiffness in the trunk. For the arm co-activation task, participants were instructed to make 
a fist and contract the muscles in their forearm during the balancing task. The arm co-
activation task acted as a control to the co-activation of the trunk task. The control was 
used to investigate whether the balancing task performance was affected by the additional 
concentration needed to sustain an increased activation in the muscles. For each test, once 
steady state was reached, the participants continued to hold a balanced position for an 
additional 20 seconds. The CoP velocity calculated during the 20 second balancing 
period was the measure used to quantify postural control. The CoP velocity during the 
co-activation of trunk seated balancing task was significantly higher than the arm co-
activation and control seated balancing task. The CoP velocity during the belt seated 
balancing task was significantly lower than the co-activation of trunk seated balancing 
task. Therefore, the study’s original hypothesis, which stated that the postural control 
performance while balancing on an unstable seat would be comprised as the muscle 
activity of the trunk increased, was supported by the results. Since the degradation was 
only detected in the co-activation of trunk seated balancing task, this suggests that SDN 
was the likely source of the performance deterioration [43]. 
Other studies have made modifications to Cholewicki’s initial unstable seat 
design, as well as the method used for studying postural control of the lumbar region.  
The primary modification made to the original unstable seat design was the use of springs 
instead of varying diameter hemispheres to change the difficulty of the seated balancing 
task. A master’s thesis study completed by Lee [44] at Virginia Polytechnic Institute and 
State University appears to be the first study that used the modified unstable seat design 
(i.e. the wobble chair). This study used the wobble chair to determine the minimum 
duration of time required for the process to achieve stationarity status, as well as the 
intra/inter-session reliability of the measures of stability during the seated balancing tasks 
for twelve healthy participants. Stability was estimated from kinematic variability and 
nonlinear stability analysis. The balancing tasks were completed for three different levels 
of balancing assistance from springs: 100% ∆G, 75% ∆G, and 50% ∆G. The spring 
locations were calculated by multiplying the system potential energy by the balancing 
support condition (e.g. 1, 0.75, and 0.50) and dividing that value by the spring constant 
and finally, taking the square root of that value. Prior to the actual data collection, the 
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participants first completed practice seated balancing trials. Three practice trials were 
performed for the 100% and 75% balancing support conditions, and five practice trials 
were completed for the 50% balancing support condition. All practice trials were 60 
seconds in duration. For the actual data collection, the seated balancing tasks at the 
100%, 75% and 50% balancing support conditions were performed five times. All data 
collection trials were 60 seconds in duration. Across all balancing support conditions 
(100%, 75%, and 50%) and all directions (anterior-posterior, medial-lateral, and radial) a 
mean (standard deviation) time of 30.2 (11.8) seconds was found to be the minimum time 
required for the signal to reach process stationarity. For the kinetic data, the anterior-
posterior direction required the largest amount of time for the signal to achieve process 
stationarity. For the anterior-posterior direction, the more difficult balancing tasks (e.g. 
75% and 50% balancing support condition) required a minimum time between 30 and 43 
seconds. The less difficult balancing task (100% balancing support condition) required a 
longer minimum time of 47 seconds. As such, using a time period greater than 47 
seconds for data collection is an efficient time duration for all balancing support 
conditions in all directions to reach process stationarity. The kinematic variance measures 
for the majority of balancing support conditions showed good to excellent intra-session 
reliability. The 75% and 50% balancing support conditions had an intra-session reliability 
that was significantly more dependable than the 100% balancing support condition. The 
majority of the kinematic variance measures showed a poor to good inter-session 
reliability. The 100% balancing support condition demonstrated the worst inter-session 
reliability. For the nonlinear stability analysis calculated from the kinetic data, the 
stabilogram diffusion analysis short-term region scaling exponent (Hs), and the lyapunov 
exponent were found to be an excellent stability measure for intra-session reliability. For 
inter-session torso stability comparisons, Hs was found to be an excellent measure 
because the Hs value demonstrated the best inter-session reliability [44].  
In an occupational environment, repeated lifting tasks have been identified as a 
risk factor for the development of LBP. Therefore, many companies are revising certain 
work tasks to be performed through pulling/pushing exertions in replacement of lifting. 
Lee [44] completed another study in his master’s thesis that investigated how the state of 
spinal stability changed following pushing and pulling exertion tasks for 12 healthy 
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participants. Stability was estimated from the kinematic variability and nonlinear stability 
analyses of the CoP data. The kinematic variability measures used in analysis were RMS 
and EA, and the nonlinear stability analysis measures used were the stabilogram diffusion 
analysis short-term region scaling exponent (Hs) and the lyapunov exponent. While 
seated on the wobble chair, a horizontal force was applied to the participant’s trunk at the 
level of T8. In order to sustain an upright seated balanced position on the wobble chair, 
the participant needed to apply either a trunk extension or trunk flexion moment. The 
applied moment (e.g. extension vs. flexion) depended on whether the horizontal force 
was directed anteriorly or posteriorly on the trunk. Three different force values were 
applied to the trunk (0N 40N and 80N). Elastic bands were used to produce the three 
different horizontal isotonic forces. The elastic band was connected to both a wall in the 
laboratory and the harness on the participant’s chest. The horizontal force value changed 
by altering the elastic band tension. The participant completed seated balancing tests for 
the three force values on both the anterior and posterior side of the trunk. Prior to the 
actual data collection, the participant first completed five practice seated balancing trials 
for the given condition before completing five actual data collection trials. This protocol 
was used for all conditions. All practice and actual data collection trials were 60 seconds 
in duration. The kinematic variability and nonlinear stability analysis measures displayed 
a significant increase in relation to the level of the exertion force (0N 40N 80N). This 
increase in the stability measures showed that the application of a larger force value on 
the trunk resulted in a decrease in the state of stability. The flexion exertion balancing 
tasks (e.g. a posteriorly directed horizontal force) displayed a lower state of stability than 
the extension exertion balancing tasks (e.g. an anteriorly directed horizontal force). The 
flexion exertion balancing tasks demonstrated larger values of the kinematic variability 
measures (RMS and EA) than the extension exertion balancing tasks for the 40N and 80N 
force level conditions. For the nonlinear stability analysis measures, the Lyapunov 
exponent showed a significant increase during the flexion exertion balancing tasks than 
the extension exertion balancing task for the 40N force level condition. The short-term 
region scaling exponent, Hs, stability measure was not affected by the direction of the 
force. This study supported the hypothesis that the state of spinal stability decreases 
under the application of a larger extension/flexion force on the trunk, and flexion 
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exertions (pushing tasks) have a lower state of stability than extension exertions (pulling 
tasks) [44]. 
 Whole body vibration (WBV) has also been identified as a risk factor for the 
development of LBP. A large quantity of individuals are exposed to WBV on a daily 
basis due to their occupation (e.g. truck drivers, delivery drivers, operators of 
construction equipment, etc…). A study by Slota et al [5] at Virginia Polytechnic 
Institute and State University used the wobble chair to study acute changes in trunk 
postural control following 30 minutes of WBV exposure for 21 healthy participants. 
Before the participants completed the actual data collection sessions, they first completed 
a calibration procedure to determine the location of the springs such that maintaining a 
balanced position on the wobble chair was challenging but not impossible. Initially, the 
location of the springs were positioned near a 100% balancing support condition (13 cm 
from the pivot point). The participant completed a seated balancing trial at this condition. 
After the initial seated balancing trial, the location of the springs was brought 1-2 cm 
closer to the pivot point, and the participant completed another seated balancing trial at 
the modified location of the springs. This procedure was continued until either the 
participant was unable to maintain a seated balanced position at the modified spring 
location or the seat range of motion continuously exceeded a 7˚ radial slant. For the first 
scenario, the location of the springs was then moved 0.5 cm away from the pivot point 
until seated balance was reestablished and the seat continuously exceeded a 7˚ radial 
slant. For the second scenario, the location of the springs remain unchanged. This 
calibrated spring location was used for the actual data collection trials, and the calibration 
procedure also acted as practice trails. The participants initially completed four 60 second 
seated balancing tests on the wobble chair before being exposed to 30 minutes of WBV. 
Following the WBV exposure, three additional seated balancing tests were completed. 
Kinematic variability and nonlinear stability analysis were used to quantify changes in 
the state of spinal stability pre and post WBV exposure. All of the nonlinear stability 
analysis and kinematic variability stability measures increased after WBV exposure. 
Increases in these stability measures supports the hypothesis that trunk postural control is 
degraded, which also implies a decrease in the state of spinal stability, immediately 
following WBV exposure [5].   
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A study completed by Tanaka et al [45] investigated the postural control system by 
exploring a different approach for changing the task difficulty levels. The Tanaka et al 
study introduced a new metric for quantifying stability called the threshold of stability 
(ToS). This new metric is based on the idea that kinematic variability will increase when 
the difficulty of the task increases. This increase results in the participant occupying a 
larger area of state space when trying to maintain a seated balanced position. Another 
effect of the task difficulty increasing is the area of state space available for the 
participant to explore and still be considered stable (e.g. the basin of stability) will 
decrease. When the kinematic variability moves past the basin of stability region, the 
system will begin to show behavior that is unstable. ToS is defined as “the maximum task 
difficulty in which stability can be maintained, and is found by increasing task difficulty 
until KV lies just within the boundary of the basin of stability” [45]. The study objective 
was to establish a method for the development of the ToS metric and determine the 
efficacy of the ToS metric as a stability measure for 8 asymptomatic participants. The 
study investigated the efficacy of the ToS method theoretically using an inverted 
pendulum mathematical model, and empirically using visual feedback conditions during 
seated balancing tasks on the wobble chair. The participants first completed the same 
calibration process as Lee [44] to determine the initial location of the springs.  After 
calibration, the anterior-posterior spring was moved to the 80% ∆G balancing support 
condition and the medial-lateral spring was moved to the 100% ∆G balancing support 
condition. The medial-lateral springs location remained unchanged throughout the trials 
in order to isolate the movement to the sagittal plane, so modifications on spring location 
were only completed on the two anterior-posterior springs. The participant completed a 
seated balancing trial for the initial spring location. After the seated balancing trial, the 
location of the anterior-posterior springs was modified using three guidelines: 1.) If the 
participant managed to keep a seated balanced position that was within 4˚ of the wobble 
chair pivot point throughout the balancing task, the location of the anterior-posterior 
springs was adjusted such that the balancing support condition was lowered by 20% ∆G 
2.) If the participant managed to keep a seated balanced position throughout the balancing 
task but not within 4˚ of the pivot point, the location of the anterior-posterior springs was 
adjusted such that the balancing support condition was lowered by 10% ∆G and finally 
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3.) If the participant was unable to balance on the wobble chair, this anterior-posterior 
spring location was considered to be the approximate ToS value. Once the approximate 
ToS value was determined, the location of the anterior-posterior springs was increased by 
5%∆G.  If the participant was able to maintain a seated balanced position at the modified 
spring location, they would complete additional seated balancing trials at this given 
spring location. If the participant was unable to maintain a seated balanced position at the 
modified spring location, the location of the anterior-posterior springs was additionally 
increased by 5%∆G. This was continued until the participant reached a spring location 
where they were able to maintain a seated balance position. Testing was finished, if after 
eight seated balancing tests for a given anterior-posterior spring location, the participant 
was able to maintain a seated balance position for more than half of the seated balancing 
tests. If the participant was unable to maintain a seated balance for more than half of the 
eight tests at a given spring condition, the location of the anterior-posterior springs was 
increased by 5%∆G. This process continued until the participant reached a spring 
location where they were successfully able to maintain a balanced position in more than 
half of the eight seated balancing tests. This location of the springs was considered the 
ToS value. The participants completed the process described above for two conditions: 
1.) eyes open and 2.) eyes closed. The ToS variable was found for both conditions. The 
study examined whether the ToS method was sensitive enough to detect differences 
between the two conditions since visual feedback has a major effect on tests investigating 
balance control. The study also used a mathematical model to investigate the theoretical 
premise behind the ToS method. The results of the study showed that the ToS method 
was sensitive enough to detect a significant difference in the ToS value between the two 
conditions (eyes open vs. closed), and the mathematical model supported the theoretical 
premise behind the ToS method [45].  
2.6 Summary 
The objective of the present study was to address two important questions: 1) 
what, if any, is the impact of HVLA SMT treatment-induced changes in the lower back 
tissues on components of the active and passive musculoskeletal stabilizing subsystems 
and 2) if these changes occur, how will the changes in the active and passive 
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musculoskeletal stabilizing subsystems affect spinal stability? It was hypothesized that 
changes in lower back tissues following SMT will improve the state of spinal stability of 
healthy individuals.  
Lower back range of motion tests were used to evaluate the components in the 
active musculoskeletal stabilizing subsystem, and a stress relaxation test investigated the 
components in the passive musculoskeletal stabilizing subsystem. Seated balance tests on 
a wobble chair were used to empirically estimate the state of spinal stability. The seated 
balance tests also addressed the potential affect that the components of the passive and 
active musculoskeletal subsystems have on spinal stability, since both subsystems must 
work together to maintain a seated balanced position on the wobble chair.  
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Chapter 3: Methods 
3.1 Participants 
Six female healthy volunteers participated in this study after completing a 
consenting process approved by the University of Kentucky Institutional Review Board. 
To minimize the effects of individual, occupational, and lifestyle differences between the 
volunteers on our measures of lower back biomechanics, all participants were recruited to 
be between 22-45 years of age, with a BMI between 20-30 and a sedentary to 
recreationally active lifestyle. The participants needed to be healthy and free of LBP (i.e., 
experiencing a pain level in their lower back no greater than 1 on a 0 to 10 scale). Five of 
the participants had a pain rating of 0, and one participant had a pain rating of 1, which 
was due to muscle tightness from exercise. Mean (SD) age, height, and weight of 
participants were respectively 24.67 (1.75) years, 1.691 (0.091) m, and 69.173 (9.829) 
kg. Participants with a history of trunk or lower body surgery that might hinder their 
range of motion were excluded. Participant recruitment was done via study flyer 
distribution on the website of University of Kentucky Center for Clinical and 
Translational Science (CCTS).   
3.2 Study Design 
  A pre versus post comparison study design was used to investigate the effects of 
HVLA SMT on spinal stability and on the active and passive musculoskeletal stabilizing 
subsystems. The study took place in the Human Musculoskeletal Biomechanics 
Laboratory (HMB lab) and the Charles T. Wethington Building at the University of 
Kentucky. All participants completed an initial data collection session followed by six 
sessions of HVLA SMT over an approximately three-week period. After receiving the six 
sessions of HVLA SMT, participants completed a second data collection session. During 
each data collection session, participants completed three sets of tests: 1.) seated balance 
tests, 2.) lower back range of motion tests, and 3.) stress relaxation test. The seated 
balance tests empirically measured the state of spinal stability. The lower back range of 
motion tests evaluated the components in the active musculoskeletal stabilizing 
subsystem, and the stress relaxation test investigated the components in the passive 
musculoskeletal stabilizing subsystem. Components of the passive and active 
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musculoskeletal stabilizing subsystems must work together to maintain a balanced 
position throughout the seated balancing tests. Each data collection session lasted 
approximately 2 ½ to 3 hours while each HVLA SMT lasted less than 10 minutes.  
3.3 Consenting and Screening Process 
When potential volunteers first initiated contact about their interest in the study, 
the eligibility criteria on the study’s advertised flyer was verified (Appendix A.1). An 
electronic copy of the consent form was emailed to those volunteers who met the 
inclusion criteria. This consent form provided potential subjects an overview of the study 
and the study protocol (Appendix A.2). If the volunteer decided to move forward with the 
study upon reading the consent form, they were invited to the HMB lab for the 
consenting procedure. During this procedure, the principal investigator and the potential 
subject thoroughly went over the consent form, and the subject was provided the 
opportunity to ask any questions they had about the study. The volunteer was also shown 
the instrumentation and equipment used for data collection. After the consenting process 
was completed, and the participant decided to move forward with the study, the 
participant was asked to sign the consent form. A signed copy of the consent form was 
given to the participant upon their request.  
The consented participant was then asked to complete a screening document that 
included verification of advertised criteria, personal information, and a psychosocial risk 
assessment (Appendix A.3). This screening document verified the participants eligibility 
based on the initial advertised criteria. Upon the completion of the screening draft, all 
eligible volunteers underwent a medical screening. For the musculoskeletal screening, a 
licensed chiropractor performed a standard physical examination on the participant. The 
physical examination included a range of motion evaluation, sensory evaluation, reflex 
evaluation, and motor evaluation, as well as blood pressure measurements, height, 
weight, and a level of pain rating based on a 0 to 10 scale (Appendix A.4). The 
chiropractor then reviewed the results of the physical examination, and a participant was 
excluded if the chiropractor determined the HVLA SMT could be harmful to the 
participant. Those participants who were deemed eligible for the study after the screening 
process were invited back to the HMB lab to complete the first data collection session. 
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3.4 Experimental Procedure 
For the data collection session, the participant’s blood pressure, oxygen 
saturation, and pain rating were initially measured and recorded. The participant then 
completed the tests in the following order: 1.) seated balancing tests, 2.) lower back range 
of motion tests, and 3.) stress relaxation test.  
3.4.1 Seated Balancing Tests 
3.4.1.1 Calibration Procedure 
The wobble chair apparatus design (Fig. 3.1) is patterned on a previous wobble 
chair model developed at Virginia Polytechnic Institute and State University [5][44]. The 
seat is able to pivot in all directions as the result of a ball bearing located underneath the 
seat pan positioned at the center of the platform. Balancing assistance is provided by four 
springs located underneath the seat pan. Adjustments made to the location of the four 
springs (relative to the ball bearing) changed the amount of balancing assistance provided 
by the springs, and as a result, the level of difficulty of holding an upright balanced 
posture position. A force platform (AMTI, Watertown, MA) underneath the seat pan 
records the forces and moments (Fx Fy Fz Mx My Mz) during the balancing tests. An 
adjustable foot rest is attached to restrict movement of the lower limbs, and a seat belt is 
attached to the seat to restrain the pelvis during the balancing tests in order to isolate 
movement to the spine only. Before working with the wobble chair, the wobble chair 
needs to be calibrated to find the correct spring location for the balancing tests for each 
participant [5][44].   
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Figure 3.1: The Wobble Chair  
The wobble chair design consists of five components: 1.) an adjustable foot rest, 2.) 
an attached seat belt, 3.) a force platform, 4.) a ball bearing, and 5.) four springs. 
 
The location of the springs for each of the balancing tests was determined using the same 
method and equations developed by Lee [44] at the Virginia Polytechnic Institute and 
State University. During spring calibration, the participant’s trunk, the chair, and the 
spring locations are fixed, so a free body diagram of a rigid body was used to calculate 
the location of the four springs. The participant’s trunk and seat-pan are represented by a 
simplified single inverted pendulum. Since dynamic trunk motion is essential for 
maintaining a balanced position on the wobble chair, a moment equation can be derived 
about the ball joint.  
𝑀𝑔ℎ sin(𝜃) − 𝐾𝑑𝐿 sin(𝜃) = 𝐼𝛼    (1) 
There is minimal seat movement during the balancing test, so a small angle assumption 
can be applied, and a steady state condition is assumed. Applying the small angle 
assumption, steady state condition, and after performing additional equation 
manipulations Eq. 1 can be modified and rewritten as  
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𝐿 = √
𝑀𝑔ℎ
𝐾⁄      (2) 
The spring constant K is a known variable (34.60 lbf/in). In order to determine the spring 
location, L, the system potential energy (Mgh) must first be calculated. The net moment 
change between the seat tilted at the 10˚ forward position and 10˚ backward position was 
used to calculate the system potential energy (Mgh). The net moment change is found 
from the force platform moment measurement at the two tilted positons. A removable 
backrest is used during the calibration process to ensure an upright trunk posture during 
the two tilted positions [44] (Fig. 3.2).  
 
 
Figure 3.2:  Wobble Chair Positions During Calibration 
Two tilted positions were used during the spring calibration process: 1.) 10˚ 
backward tilted position and 2.) 10˚ forward tilted position. A removable backrest 
(3) kept the trunk upright at the two tilted positons during the calibration process. 
 
Eq. 1 was used to calculate Mgh. The 𝐾𝑑𝐿 sin(𝜃) component of equation 1 represents the 
moment from the springs. For the calibration, the location of springs are moved adjacent 
to the pivot point (e.g. ball joint) making the distance between the pivot point and spring 
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location negligible. This component can therefore be ignored, which gives the following 
two equations for the two tilted positions: 
    𝑀𝑔ℎ sin(10°) = 𝑀1    (3) 
𝑀𝑔ℎ sin(−10°) = 𝑀2 
Using Eq. 3, the Mgh (system potential energy) can be rewritten as 
𝑀𝑔ℎ =  
𝑀1−𝑀2
sin(10°)− sin(−10°)
    (4) 
The spring location, L, determined from equation 2 and 4, represents the location at 
which a full balance assistance (i.e., 100% support) is provided by the springs. This study 
examined the state of spinal stability at three different balancing support positions. The 
100% balancing support position was found using equation 2. For all other balancing 
support positions, the balancing support condition percentage is multiplied by MGH. 
Therefore, the 100%, 75% and 50% balancing support position, L, are calculated as 
follows [44]: 
                                                                            𝐿 = √
𝑀𝑔ℎ
𝐾
⁄     
𝐿 = √
𝑀𝑔ℎ ∗ 0.75
𝐾⁄  
𝐿 = √
𝑀𝑔ℎ ∗ 0.50
𝐾⁄  
 
3.4.1.2 Seated Balancing Tests 
Before using the unstable seat device (wobble chair) for data collection, all 
participants first underwent a calibration process to determine the location of the springs 
at the  100%, 75%, and 50% balancing support conditions during the seated balance tests 
(see § 3.4.1.1). Upon completion of the calibration process, the participant completed the 
balancing tests in the following order: 100%, 75%, and 50% balancing support condition.  
The protocol used during the seated balancing tests was based off the protocol developed 
by Lee [44] at Virginia Polytechnic Institute and State University. Each seated balancing 
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test lasted 60 seconds during which, the participant tried to keep an upright trunk posture. 
Before the subject sat on the wobble chair, the location of the springs was adjusted to 
provide the desired level of support. Once the spring location was set, the participant sat 
on the wobble chair, and the attached seat belt was buckled to secure the participant onto 
the device, as well as to restrain movement of the pelvis during the balancing tests. The 
participant placed their feet on an attached foot stand. The role of the attached foot stand 
was to limit the amount of lower body movement during the balancing tests. The height 
of the foot stand was modified for every participant to achieve a 90 degree angle of the 
knee. The foot position was consistent for all subjects with both feet positioned directly 
against the vertical column of the foot rest. The participant’s arms were crossed directly 
against the trunk during the balancing trials to prevent interference from the upper 
extremities (Fig. 3.3).  
 
Figure 3.3: Position of Participant During the Seated Balancing Tests 
 
For all of the balancing tests, the participant was instructed to attempt and 
maintain an upright balanced seated posture position on the wobble chair during the 60 
second trial. For the 100% and 75% balancing support conditions, participants first 
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completed three practice trails, to prevent any learning effects, followed by five actual 
trials. For the 50% balancing support condition, participants completed five practice trials 
before completing the five actual data collecting trials. The force platform measured the 
the forces and moments (Fx, Fy, Fz, Mx, My, and Mz) during the balancing tests. Between 
every trial, both practice and actual, one minute rest was provided to limit mental and 
physical fatigue [44]. Upon completion of all balancing tests, participants were provided 
a 15 minute break to rest. During this time, the experimental set-up for the range of 
motion tests and stress-relaxation tests was prepared. During the break, the participant’s 
blood pressure and oxygen saturation were measured and recorded.  
3.4.2 Lower Back Range of Motion Tests 
After the 15 minute break, the participant was instrumented with a tri-axial 
Inertial Motion Sensor (Xsens, Culver City, CA) system. This system used four Xsens 
accelerometers located at the level of the subject’s sternum, pelvis, upper thigh, and ankle 
to measure the participant’s upper and lower body motion during the lower back range of 
motion tests. Velcro straps where placed on the participant at the specified location, and 
each strap contained a clasp to hold an accelerometer. The accelerometer positions were 
as follows: 1.) For the ankle, the strap was placed on the participant’s right leg above the 
ankle, with the clasp positioned on the lateral side 2.) For the upper thigh, the strap was 
placed on the participant’s right thigh approximately halfway between the knee joint and 
the hip joint, with the clasp positioned on the lateral side 3.) For the pelvis, the strap was 
placed at the spinal level of S1, with the clasp positioned on the back in-line with the 
midline the trunk 4.) For the sternum, the strap was placed at the spinal level of T10, with 
the clasp positioned on the back in-line with the midline of the trunk. The distance 
between the ground and the top of each accelerometer clasp in neutral standing posture 
was measured to ensure the accelerometer locations during the second data collection 
session were in a placement similar to the first data collection session [46].  
Every participant completed two range of motion tests while standing on a force 
platform (AMTI, Watertown, MA). The two range of motion tests were slow 
flexion/extension and fast flexion/extension.  For the slow flexion/extension test, the 
participant initially held a quiet standing position on the force platform for five seconds. 
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After the five second holding period, the participant was instructed to slowly bend 
forward until they reached their comfortable maximum trunk flexed position. The 
participant held this flexed posture for five seconds, and then returned slowly to the 
original upright standing position. In total, the participant completed the procedure three 
consecutive times, with a five second holding period between each succession. A similar 
procedure was employed for the fast flexion/extension test. The difference between the 
two tests occurred after the initial five second holding position, the participant was 
instructed to bend forward and return to the original upright standing position as quickly 
as possible without holding the flexed posture position at the bottom. To ensure the five 
second holding period was consistent for the two lower back range of motion tests and 
participants, the researcher conducting the data collection session used a clock and 
counted the five second holding period out loud [46].  
Upon completion of the two range of motion tests, the accelerometers and straps 
were removed from the participant. 
3.4.3 Stress Relaxation Test 
A metal frame that was custom-built in the HMB lab was used for the stress 
relaxation test. A feature of the metal frame is an adjustable platform. The height of the 
platform was determined by subtracting a half an inch from the height of the participant’s 
iliac crest. This platform height ensured the subject’s L5/S1 joint was aligned with the 
center of rotation of the platform. After platform adjustment, a custom-made harness was 
placed onto the participant. The tightness of the harness was adjusted to allow the subject 
to breath normally but unable to take a deep breath without difficulty. The tightness of 
the harness was determined from feedback provided by the subject [46] (Fig. 3.4).  
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Figure 3.4: The Metal Platform and Harness  
The metal platform and harness used in the stress relaxation tests. The metal 
platform (1) consists of an attached seat belt (2) and an adjustable leg platform (3). 
The harness (4) had an attachment point for the connecting rod (5) and adjustable 
handles for tightening (6). 
 
After harness adjustment, the participant was instructed to stand on the platform. A seat 
belt was used to secure the subject to the platform and restrain movement of the lower 
body. A connecting rod kept the trunk upright throughout the stress relaxation test. One 
end of connecting rod was inserted onto the harness and the other end was attached to a 
fixed point on the test frame (Fig. 3.5).  
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Figure 3.5: The Connecting Rod 
The connecting rod has an attached load cell (1). One end of the connecting rod   
attaches to the test frame (2), and the other end attaches to the harness (3). 
 
The length of the connecting rod was modified to obtain a neutral standing position for 
the subject. The fixed point on the test frame that one end of connecting rod attaches at 
was located on an adjustable platform, and a level was used to ensure the connecting rod 
was entirely horizontal (Fig. 3.6). 
 
Figure 3.6: The Complete Device Set-Up for the Stress Relaxation Test    
(Photo provided by [46]) The device consists of five components: 1.) the metal 
frame, 2.) the harness, 3.) the connecting rod, 4.) the leg platform, 5.) the electrical 
system. 
 
For the stress-relaxation test, an actuator was used to raise the platform, resulting 
in the subject’s lower limbs/pelvis rotating about their L5/S1 joint. The platform 
continued to rise until the lower back flexion achieved 70 percent of the subject’s 
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maximum lumbar flexion angle (Fig. 3.7). The data collected from the accelerometers 
placed on the sternum and pelvis during the slow flexion/extension lower back range of 
motion tests was used to determine the subject’s maximum lumbar flexion angle (see § 
3.4.2). As the platform rose, the participant experienced passive stretching in their lower 
back. The natural tendency of the trunk to this passive stretching would be to lean back, 
but the connecting rod prevents the trunk from moving from its upright position. A load 
cell (Interface SM2000, Scottsdale, AZ) located on the connecting rod measured the 
passive stretching of the participant’s lower back tissues throughout the test (Fig. 3.5). 
Trunk flexion was sustained for roughly four minutes before the platform was lowered. 
Participants were instructed to minimize any body motion throughout the four minutes 
(i.e. arms to the side, face forward, stay still, no talking etc…). The minimal movement 
instructions, as well as the fixed position of the trunk from the connecting rod and the 
pelvis from the seat belt minimized the active muscle response; thereby ensuring the 
recorded data collected from the load cell primarily reflected the passive resistance of the 
components in the passive musculoskeletal stabilizing subsystem. An accelerometer was 
placed on the side of the platform to measure the kinematics of the subject’s lower limbs 
during the test [46][47].  
   
Figure 3.7: Platform Rising During Stress Relaxation Test 
(Photo provided by the HMB Lab at the University of Kentucky) 
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When the stress relaxation test finished, the participant was disconnected from the 
connecting rod and removed from the platform and harness. 
3.4.4 Treatment 
After completing the first data collection session, all participants underwent six 
sessions of SMT, specifically the HVLA technique (see § 2.4), over an approximately 
three week period. For the HVLA SMT, a pre-load force is applied onto a target joint. 
This study targeted the joints located in both the lumbar spinal region and the sacroiliac 
joint. Each participant received roughly two HVLA SMT sessions per week. Grant 
Sanders, a licensed chiropractor, and Arthur Nitz, PhD., a physical therapist, were the 
study personnel who performed the HVLA treatment.  
After completion of the six sessions of HVLA SMT, participants completed a 
second data collection session. The second data collection session consisted of the exact 
same procedure used during the first data collection session.  
3.5 Data Analysis 
In-house MATLAB scripts (MathWorks, Natick, MA) were used to process the 
data collected for all tests.  
3.5.1 Lower Back Range of Motion Tests 
For the slow and fast flexion/extension range of motion tests, the accelerometers 
were used to collect kinematics data (Xsens, Culver City, CA) at a sampling rate of 50 
Hz. An MT Manager program in combination with in-house built MATLAB scripts were 
used to process the data. The range of motion values were based off the angles that the 
thorax, pelvis and lumbar rotated during the bending movements. The thoracic rotation 
was determined from the accelerometer positioned at the T10 spinal level and the pelvic 
rotation from the accelerometer positioned at the S1 spinal level. Since each 
flexion/extension test consisted of three bending movements, the maximum thoracic and 
pelvic rotations were found at all three bending movements (Fig. 3.8). The lumbar 
rotation was calculated from the difference between the maximum thoracic and pelvic 
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rotation at each of the three bending movements. The three trunk angles were calculated 
in the sagittal plane for both slow and fast flexion/extension range of motion tests. Since 
the two range of motion tests involved three repetitive motions, for statistical analysis 
purposes, the averages of the three maximum thoracic, pelvis and lumbar rotation values 
were used [46]. 
 
Figure 3.8: Rotation of the Pelvis and Thorax  
An example of the MATLAB output showing the angles that the pelvis and thorax 
rotated during a fast flexion/extension test. The maximum rotation at each bending 
movement is circled in red.  
3.5.2 Stress Relaxation Test 
For the stress-relaxation test, the data from the load cell was sampled at a rate of 
3000 Hz, and the accelerometer was sampled at a rate of 50 Hz. During the test, three 
measures were used to investigate the passive musculoskeletal stabilizing subsystem in 
the lower back: 1.) the bending stiffness in lower back tissues from the passive flexion as 
a result of the platform rising 2.) relaxation in the initial resistance of the lower back 
tissues during the four minute fixed flexion position and 3.) the energy dissipated [47].    
For the first measure, the bending stiffness in the lower back was calculated for 
three lower back flexion angles (12.5%, 25%, and 100% of final flexion angle). The final 
flexion angle is the maximum flexion angle that the platform reaches during the test. This 
angle was calculated from the 70 percent of the maximum lower back flexion angle found 
during the slow flexion/extension range of motion test (see § 3.4.2). The bending 
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stiffness, K, was calculated at each of the flexion angles using equations 5-7 shown 
below [47]: 
𝐾@12.5% 𝑜𝑓 𝑓𝑖𝑛𝑎𝑙 𝑓𝑙𝑒𝑥𝑖𝑜𝑛 𝑎𝑛𝑔𝑙𝑒 =  
(𝑀𝑒−𝑀𝑠)
(𝜃𝑒− 𝜃𝑠)
    (5) 
where Me= moment at 12.5% of the final flexion angle, θe = lower back flexion 
angle at 12.5% of the final flexion angle, MS = moment at the starting standing point, and 
θS = lower back flexion angle at the starting standing point 
𝐾@25% 𝑜𝑓 𝑓𝑖𝑛𝑎𝑙 𝑓𝑙𝑒𝑥𝑖𝑜𝑛 𝑎𝑛𝑔𝑙𝑒 =  
(𝑀𝑒−𝑀𝑠)
(𝜃𝑒− 𝜃𝑠)
       (6) 
where Me= moment at 25% of the final flexion angle, θe = lower back flexion 
angle at 25% of the final flexion angle, MS = moment at the starting standing point, and 
θS = lower back flexion angle at the starting standing point 
𝐾@100% 𝑜𝑓 𝑓𝑖𝑛𝑎𝑙 𝑓𝑙𝑒𝑥𝑖𝑜𝑛 𝑎𝑛𝑔𝑙𝑒 =  
(𝑀𝑒−𝑀𝑠)
(𝜃𝑒− 𝜃𝑠)
     (7) 
where Me= moment at 100% of the final flexion angle, θe = lower back flexion 
angle at 100% of the final flexion angle, MS = moment at the starting standing point, and 
θS = lower back flexion angle at the starting standing point 
 
 
The moment at each of the three flexion angles was found by multiplying the load 
cell force measurement value at each specific flexion angle by the distance between the 
platform’s axis of rotation and the harness. For the second measure, the relaxation in the 
initial resistance was calculated from the moment difference between the target point and 
the extension point (Fig. 3.9a). This relaxation in the initial resistance is also known as 
the relaxation moment. The target point is the point at which the platform reaches its final 
flexed position during the initial platform rising portion of the test. The extension point is 
the final point during the four minute fixed flexed posture position before the platform 
begins to lower. For the third measure, the energy dissipated during the test was found 
from the area within the closed lower back flexion moment curve (Fig. 3.9b) [47].    
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Figure 3.9a-b: Relaxation Moment and Energy Dissipated 
(Photo provided by [47]) Figure 3.9a (left) is an example of the MATLAB output of 
the relaxation moment. Figure 3.9b (right) is an example of the MATLAB output of 
the energy dissipated throughout the stress relaxation test. 
3.5.3 Seated Balance Tests Stability Measures 
The force platform was sampled at a rate of 1000 Hz for all seated balanced tests. 
Three kinematic variability measures and one nonlinear stability analysis measure, 
described below, were used as stability measures for the seated balance tests.  
3.5.3.1 Kinematic Variability 
Kinematic variability is one type of measurement using the CoP displacements to 
evaluate the state of stability. The kinematic variability measurements include the path 
length traveled per second (PATH), root mean square (RMS) in the anterior-posterior 
(RMSy), medial-lateral (RMSx), and radial directions (RMSr), and 95% ellipse area (EA). 
The equations for PATH, RMS and EA are shown below [44]:  
𝑃𝐴𝑇𝐻 =  ∑
√[𝐶𝑜𝑃𝑥(𝑖 + 1) −  𝐶𝑜𝑃𝑥(𝑖)]2 + [𝐶𝑜𝑃𝑦(𝑖 + 1) −  𝐶𝑜𝑃𝑦(𝑖)]2
𝐷𝑢𝑟𝑎𝑡𝑖𝑜𝑛
𝑁−1
𝑖=1
    (8) 
𝑅𝑀𝑆 =  √
∑ 𝐶𝑜𝑃𝑗(𝑖)
2𝑁
𝐽=1
𝑁
    (9)  
where j=y (anterior-posterior), x (medial-lateral), r = √𝑥2 + 𝑦2 (radial direction); N=total 
data points 
𝐸𝐴 = 2𝜋3√(𝑆𝑥)2(𝑆𝑦)2 −  (𝑆𝑥𝑦)2    (10) 
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Where Sx and Sy are the standard deviation of the CoP in the x and y direction, and 𝑆𝑥𝑦 is 
the covariance (Eq. 11) 
𝑆𝑥𝑦 =
1
𝑁
 ∑ 𝐶𝑜𝑃𝑥(𝑖)𝐶𝑜𝑃𝑦(𝑖)    (11)
𝑁
𝑖=1   
Following the same protocol established by Lee [44] at Virginia Polytechnic Institute and 
State University the kinematic variability was calculated using only the middle 40 
seconds of the seated balancing tests. This was done to ensure an adequate duration of 
signal to reach process stationarity, as well as to avoid any transient artifact that may 
occur at the beginning and/or ending of the seated balancing tests. Process stationarity in 
a signal occurs when the statistical characteristics remain unchanged over time. Although 
kinematic variability is used as a stability measure, kinematic variability measures do not 
account for the neuromuscular-dynamic nature of the system. Therefore, nonlinear 
stability analysis also needs to be included when evaluating torso stability during seated 
balancing tests [44]. 
3.5.3.2 Nonlinear Stability Analysis 
Maintaining a balanced position on an unstable seat is a dynamic movement (e.g. 
the unstable seat acts as a perturbation onto the system). This dynamic movement 
requires input from the neuromuscular system to regain an equilibrium (e.g. balanced) 
position following perturbations onto the system. This neuromuscular-dynamic behavior 
is accounted for in nonlinear stability analysis. The method of nonlinear stability analysis 
used in the present study is stabilogram diffusion analysis (SDA) [44].  
SDA was first proposed by Collins and De Luca [48]. SDA uses a stabilogram 
constructed by averaging the squared CoP displacement between each of the CoP points 
and their corresponding time interval [48]. A MATLAB code was created to construct the 
stabilogram. The mean squared displacement of CoP was calculated from the equation 
below (Eq. 12) [44]: 
< ∆𝑖2 >∆𝑡=  
∑ (∆𝑖𝑗)
2𝑁−𝑚
𝑗=1
𝑁−𝑚
    (12)   
For a ∆t spanning over m data intervals, where i= y (anterior-posterior), x= (medial-
lateral), r=radial, and N = total data points 
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Upon plotting, a short-term and a long-term region are identified. The short-term region 
utilizes an open-loop mechanism and the long-term region utilizes a closed-loop 
mechanism with regards to postural control. The transitional point (e.g. critical point) is 
the point at which the region transitions from short-term to long-term [48]. The critical 
point was considered to be the first maximum value that developed prior to 1 second [49]. 
The stability measure calculated from SDA used to evaluate torso stability is the scaling 
exponent (H). This exponent is calculated from the log log plot of the mean squared 
displacement of CoP points vs. the corresponding time interval. Similar to the previous 
plot, both a short-term scaling exponent (Hs) and a long-term scaling exponent (Hl) exist 
in the log log plot. The Hs and Hl values are found by taking ½ of the slope in the short-
term region (Hs) and a ½ of the slope in the long-term region (Hl) [48]. Only the short-
term scaling exponent, Hs, differentiates between healthy participants and LBP patients 
[40]. Therefore, only the short-term scaling exponent, Hs, was used in analysis. An Hs 
value greater than 0.5 suggest the behavior resulting from perturbations is not controlled 
and will progress toward infinity. An Hs value less than 0.5 suggests the behavior 
resulting from the perturbations will be controlled and drawn to the equilibrium state. 
Therefore, poor stability is characterized by a larger Hs value [44].  
Besides SDA, there are two other methods of non-linear analysis available for 
evaluating torso stability: 1.) hurst rescaled range analysis and 2.) lyapunov exponent. 
The short-term scaling exponent, Hs, calculated in SDA is the best reliability 
measurement for comparing differences in inter-session torso stability [44]. Therefore, 
SDA was the only nonlinear analysis method used in the present study. 
3.6 Statistical Analysis 
A pre-post intervention study design was used to quantify changes in the active and 
passive musculoskeletal subsystems of the spinal stabilizing system and the resultant 
effects on the stability of the spine following six sessions of HVLA SMT. Statistical 
analyses were carried out using StatPlus Pro. (Version 5.9.8, AnalystSoft Inc., Walnut, 
CA, USA). The effects of HVLA SMT on the measures characterizing the passive 
musculoskeletal stabilizing subsystem (i.e., bending stiffness, relaxation moment, and 
energy dissipated) were investigated using one-way analysis of variance (ANOVA). In 
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addition to the effects of HVLA SMT, the effects of motion pace on the measures 
characterizing the active musculoskeletal stabilizing subsystem (i.e., angles of thoracic, 
pelvic, and lumbar rotation) were investigated using a two-way ANOVA. Finally, to 
evaluate the effects of HVLA SMT on the overall measures of spinal stability (i.e., 
kinematic variability and nonlinear stability analysis) a separate ANOVA was conducted 
for results associated with each of the three balancing support conditions. The p-value 
was accepted or rejected based on a 0.05 statistical significance level. 
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Chapter 4: Results 
Summary of results are presented in Tables 4.1-4.3 with a more detailed 
description of results in the following sections. The data presented for each test are the 
average values of all six participants. The average values were used for both the first data 
collection session (pre-HVLA SMT) and the second data collection session (post-HVLA 
SMT).  
4.1 Seated Balancing Tests 
The averaged values for the three kinematic variability measures (RMS, PATH, 
EA) and the nonlinear stability analysis measure (SDA) measured during the seated 
balancing tests can be found in Table 4.1.   
Table 4.1: Results from the Seated Balancing Tests 
The measures characterizing the overall state of spinal stability. Specifically, the mean 
(SD) results of the kinematic variability and nonlinear stability analysis measured 
during the seated balancing tests for the three balancing support conditions. 
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4.1.1 Kinematic Variability 
The averaged kinematic variability measures at each balancing support condition 
can be found in Table 4.1. For the first participant, the fourth trial of the 75% balancing 
support condition for the first data collection session was removed when calculating the 
kinematic variability results because upon review of the data, it was discovered that the 
equipment malfunctioned during that specific balancing test. No other data was removed 
when calculating the results of the kinematic variability measures for any other 
participant at any other balancing support condition. No significant differences were 
found in the kinematic variability stability measures between the first data collection 
session and the second data collection session (e.g. pre-SMT HVLA vs. post-SMT 
HVLA) at any of the three balancing support conditions.  
4.1.2 Nonlinear Stability Analysis 
The averaged nonlinear stability analysis measures at each balancing support 
condition can be found in Table 4.1. For the first participant, the fourth trial of the 75% 
balancing support condition for the first data collection session was removed when 
calculating the nonlinear stability analysis results because upon review of the data, it was 
discovered that the equipment malfunctioned during that specific balancing test. No other 
data was removed when calculating the results of the nonlinear stability analysis for any 
other participant at any other balancing support condition. No significant differences 
were found in the nonlinear stability measures between the first data collection session 
and the second data collection session (e.g. pre-SMT HVLA vs. post-SMT HVLA) at any 
of the three balancing support conditions.  
4.2 Lower Back Range of Motion Tests 
The averaged angles of thoracic, pelvic, and lumbar rotation measured during the 
lower back range of motion tests can be found in Table 4.2. No significant differences 
were found in the thoracic, pelvic, and lumbar rotation angles between the first data 
collection session and second data collection session (e.g. pre-SMT HVLA vs. post-SMT 
HVLA), and the pace of the test (e.g. slow vs. fast) did not significantly affect the angles 
of thoracic, pelvic, and lumbar rotation. 
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Table 4.2: Results from the Lower Back Range of Motion Tests 
The measures characterizing the active musculoskeletal stabilizing subsystem. 
Specifically, the mean (SD) angles that the thorax, pelvic, and lumbar rotated        
during the slow and fast flexion/extension tests.
 
4.3 Stress Relaxation Test 
 For the stress relaxation test, three factors were investigated: 1.) bending 
stiffness, 2.) relaxation moment and 3.) energy dissipated. The averaged results of each 
factor are shown in Table 4.3.   
Table 4.3: Results from the Stress Relaxation Test 
The measures characterizing the passive musculoskeletal stabilizing subsystem. 
Specifically, the mean (SD) results of the bending stiffness, relaxation moment,       
and energy dissipated throughout the stress relaxation test. 
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4.3.1 Bending Stiffness 
The averaged bending stiffness values in the lower back for the three lower back 
flexion angles (12.5%, 25%, and 100% of final flexion angle) can be found in Table 4.3. 
No significant differences were found in the bending stiffness values between the first 
data collection session and second data collection session (e.g. pre-SMT HVLA vs. post-
SMT HVLA) at any of the three lower back flexion angles. 
4.3.2 Relaxation Moment 
The averaged relaxation moment values can be found in Table 4.3. No significant 
difference was found in the relaxation moment between the first data collection session 
and second data collection session (e.g. pre-SMT HVLA vs. post-SMT HVLA). 
4.3.3 Dissipated Energy 
The averaged dissipated energy values can be found in Table 4.3. No significant 
difference was found in the dissipated energy between the first data collection session 
and second data collection session (e.g. pre-SMT HVLA vs. post-SMT HVLA). 
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Chapter 5: Discussion 
A connection between the reduction in movement, unusual stiffness of the spine, 
and spinal pain has been suggested to exist [50]. Therefore, this study investigated the 
changes in the bending stiffness, relaxation moment, dissipated energy, and lower back 
range of motion rotation angles to see if the measured values change following six 
sessions of HVLA SMT in healthy participants. This study also looked at changes in the 
state of stability of the spine using an unstable seat device, since instability of the spine 
has been identified as a risk factor for LBP development [4][5]. It was hypothesized that 
changes in lower back tissues of healthy individuals following six sessions of HVLA 
SMT would improve the state of spinal stability.  The results of our study did not detect 
any significant changes in the state of spinal stability which could be due to either our 
small sample size or a lack of positive effect of HVLA SMT on healthy individuals.  
5.1 Seated Balancing Tests 
The purpose of the seated balancing tests was to empirically estimate the changes 
in the state of spinal stability after receiving six sessions of HVLA SMT. This change in 
the state of spinal stability was measured by the difference in the stability measures 
between the first and second data collection session. The two stability measures used 
were kinematic variability (RMSX, RMSY, RMSR, PATH, and EA) and nonlinear stability 
analysis (SDA). For this study, we hypothesized that the state of spinal stability would 
improve after the six sessions of HVLA SMT. This increase in the state of spinal stability 
after receiving the six sessions of HVLA SMT would be shown through a decrease in the 
stability measures between the two sessions [22][44]; however, our results did not find a 
significant difference in any of the stability measures between the two data collection 
sessions. Although not statistically significant, the 50% balancing support condition was 
the only balancing support condition were all of the kinematic variability measures 
decreased for the second data collection session. The participants therefore demonstrated 
a slightly better postural control, and therefore a greater state of stability, at the more 
demanding balancing support condition following the six sessions of HVLA SMT. 
Although this study did not deal with LBP patients, Radebold et al [40] found that the 
differences in the stability measures between LBP patients and healthy participants 
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became more evident as the balancing demands increased. Maybe the same is true for the 
HVLA SMT, at least with regards to the 50% balancing support condition for the 
kinematic variability. It is possible that the cumulative effects of the HVLA SMT only 
become evident at more demanding balancing conditions. The Hs showed no discernable 
pattern between the two data collection sessions, meaning all the balancing support 
conditions had Hs values that both increased and decreased (depending on the direction). 
As far as this author is aware, no other studies have evaluated the state of spinal stability 
following six sessions of HVLA SMT using the wobble chair, so unfortunately, there was 
no other data to compare our results with regards to the differences in the stability 
measures before and after six sessions of HVLA SMT.  
Although not investigating HVLA SMT, Slota et. al [5] used the wobble chair to 
study acute changes in spinal stability following WBV. For that study, a significant acute 
increase was found for all of the stability measures following the participant’s exposure 
to WBV. Our study investigated the cumulative effects of HVLA SMT. Therefore, our 
results suggest any potential acute changes in spinal stability following HVLA SMT have 
likely been recovered before the subsequent manipulation session.  
Looking at the standard deviation of the kinematic variability measures, there was 
a wide range of values between the six participants, especially at the 50% balancing 
support condition. Just by visually observing each of the participants balancing 
performance during the sessions, it was evident that some of the participants found the 
task of maintaining a balanced position at the 50% balancing support condition extremely 
difficult, while others had no problems balancing at that level. Although the spring 
calibration process did account for each of the participants different anthropometry, it did 
not consider the different levels of postural control between the participants. Therefore, it 
might be beneficial to use a different spring calibration process, as shown in other 
unstable seated studies [5][45], to provide a more subject specific spring location based 
on the postural control of the participant.  
The number of trials used at each balancing condition could have also affected the 
reliability of the stability measures between the two data collection sessions. Lee et al 
[44] determined the recommended trials necessary to achieve excellent reliability for 
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inter-session stability measurements. Unfortunately, those recommended numbers were 
between 8-20 trials (depending on the stability measure) for each balancing support 
condition. Obviously, performing 20 trials at each balancing support condition is not 
feasible due to both time constraints and fatigue concerns, which is why we used the 5 
trials per balancing support condition protocol used by Lee [44]. If we eliminate the 
100%, 75%, and 50% balancing support conditions protocol, and instead use only one 
spring location for the recorded seated balancing tests, [5][45] we could increase the 
number of trials at that specific spring location without worrying about time and fatigue 
constraints. This increase in the number of trials would likely increase the reliability of 
the inter-session stability measures. 
5.2 Lower Back Range of Motion 
For the lower back range of motion tests, accelerometers were used to investigate 
the changes in the angles of thoracic, lumbar, and sternum rotation following HVLA 
SMT. Although the active lower back range of motion does not directly characterize the 
active musculoskeletal stabilizing subsystem, the components of this subsystem are 
responsible for the spinal movement during the flexion/extension tasks. A reduction in 
the active spinal movement has been hypothesized to have a connection with spinal pain, 
[50] so it is possible that the HVLA SMT effect on pain reduction could also result in an 
increase in rotation angles during lower back range of motion.  
The HMB lab at the University of Kentucky completed a study [47] investigating 
the affect that age has on the mechanical and neuromuscular behavior of the trunk. One 
of the subgroups of the entire study sample size (n=60) consisted of six healthy female 
participants between the ages of 22-28. Although the results have not yet been published, 
the aging study used the same protocol for the lower back range of motion tests as our 
study. Even though the aging study did not involve HVLA SMT, for comparison 
purposes, the aging study lower back range of motion measurements taken during the 
slow and fast flexion/extension tests for the 22-28 age range female subgroup were 
compared with the lower back range of motion measurements taken during the slow and 
fast flexion/extension tests during the first data collection session (e.g. pre-HVLA SMT) 
in our study. For the aging study, the mean (SD) thoracic, lumbar, and pelvic range of 
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motion values for the slow flexion/extension test were respectively 73.175 (17.056) ˚, 
55.130 (12.146) ˚, and 18.0442 (6.364) ˚. The mean (SD) thoracic, lumbar, and pelvic 
range of motion values for the fast flexion/extension test were respectively 90.316 
(13.376) ˚, 60.178 (8.781) ˚, and 30.138 (7.850) ˚. For our study, the range of motion 
values for both flexion/extension tests (Table 4.2) were slightly larger than the aging 
studies. A small sample size can result in an extreme measurement from a single 
participant significantly affecting the entire outcome measure. Therefore, the differences 
in the range of motion values between the studies could possibly be attributed to the 
small sample size of our study, and the small sample size of the 22-28 age range female 
subgroup in the aging study.  
There is a limited amount of information available about the effect that HVLA 
SMT has on lower back range of motion [51]. To my knowledge, the only study that 
quantified the changes in the lower back range of motion after HVLA SMT on the lower 
back was completed by Stamos-Papastamos et al [52]. This study measured the acute 
changes in lumbar range of motion for asymptotic participants following one session of 
HVLA SMT, whereas our study investigated the cumulative changes in lower back range 
of motion after six sessions of HVLA SMT. The pre vs. post average (SD) lumbar range 
of motion values for the Stamos-Papastamos et al study were 54.22 (12.76)˚ and 56.07 
(12.22) ˚. For that study, the HVLA SMT did not result in a significant difference in the 
lumbar range of motion value [52]. Our lumbar range of motion values (Table 4.2) were 
slightly higher than Stamos-Papastamos et al [52], but they appeared to follow the same 
behavior as Stamos-Papastamos et al of slightly increasing following the HVLA SMT. 
There is a possibility that changes in the lower back range of motion values following 
HVLA SMT may only occur in LBP patients, but the range of motion values for healthy 
participants did not appear to be affected by the six sessions of HVLA SMT. 
5.3 Stress Relaxation 
The HVLA thrust causes deformations onto the spinal column and adjacent soft 
tissues [12], so it is possible that those deformations could result in changes in the passive 
musculoskeletal stabilizing subsystem components. Our study examined the changes in 
the bending stress, relaxation moment, and dissipated energy following six sessions of 
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HVLA SMT. There is some evidence for the theory that a connection exists between an 
unusual stiffness of the spine and LBP [50]. Latimer et al [53] examined the differences 
in lumbar posteroanterior stiffness between LBP patients and healthy participants. Both 
groups completed an initial stiffness measurement. For the LBP patient group, a second 
stiffness measurement was taken at the point in time at which the LBP patients 
experienced an 80% reduction in the level of the LBP. The healthy participants 
completed a second stiffness measurement at a time frame similar to that of the LBP 
patients second stiffness measurement. The stiffness significantly decreased for the 
second stiffness measurement for the LBP patient group. The stiffness in the healthy 
participant group did not show a significant change for the second stiffness measurement. 
No treatment was actually provided in this study [53]. 
The HMB lab study [47], mentioned above (see § 5.2), investigating the affect 
that age has on the mechanical and neuromuscular behavior of the trunk also used the 
same protocol and equipment during the stress relaxation test as our study. Although the 
aging study did not involve HVLA SMT, for comparison purposes, the aging study 
measurements taken during the stress relaxation test for the 22-28 age range female 
subgroup were compared with the measurements taken during the stress relaxation test at 
the first data collection session (e.g. pre-HVLA SMT) in our study. For the aging study, 
the mean (SD) bending stiffness in the lower back at the 12.5%, 25%, and 100% of the 
final flexion angle were respectively 60.132 (61.456) Nm/rad, 44.253 (46.174) Nm/rad, 
and 31.425 (11.290) Nm/rad. The mean (SD) of the relaxation moment was 7.530 (4.145) 
Nm, and the mean (SD) of the energy dissipated was 2.247 (1.273) Nm*rad. For the 
aging study, the bending stiffness decreased as the flexion angle increased [47]. For our 
study, the bending stiffness values (Table 4.3) followed the same behavior as the aging 
study of decreasing as the flexion angle increased. Our relaxation moment and energy 
dissipated values were slightly larger than the aging study values, this could be attributed 
to the small sample size of our study and the small sample size of the 22-28 age range 
female subgroup in the aging study [47].  
 There is a limited amount of information about the bending stiffness changes to 
the spine following lumbar HVLA SMT. Stamos-Papastamos et al [52] has investigated 
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the bending stiffness of the lumbar spine following HVLA SMT. This study measured the 
acute changes in bending stiffness of asymptomatic participants following one session of 
HVLA SMT, whereas our study investigated the cumulative changes in the bending 
stiffness after six sessions of HVLA SMT. The Stamos-Papastamos et al. study also used 
a different method for measuring the bending stiffness. This study found that the one 
session of HVLA SMT had a negligible effect on the bending stiffness [52]. In addition 
to stiffness, we also investigated changes in the relaxation moment and dissipated energy 
following the application of a HVLA SMT on the lower back. No significant differences 
were shown in any of the measured values (bending stiffness, relaxation moment, and 
dissipated energy) for the stress relaxation test following the six sessions of HVLA SMT. 
Although the difference in the values between the two data collection sessions were not 
significantly different, all of the measured values decreased for the second data collection 
session. There is a possibility that significant changes in the stress relaxation 
measurements following HVLA SMT might only occur in LBP patients, but the 
measurements in healthy participants were not significantly affected by the six sessions 
of HVLA SMT. 
5.4 Limitations 
There were some limitations with our study that should be considered when 
examining our final results. Our study had a sample size that was small (n=6). The two 
data collection sessions were not performed at the same time of day. Obviously, the best 
study protocol would have been to conduct the data collection sessions at the same time 
of day to limit other variables from entering our data, but the sessions were scheduled 
based on the participant’s availability. The six sessions of HVLA SMT were 
administered by two different clinicians. The clinician administering the HVLA SMT on 
the participant was chosen based on the availability of the participants and the two 
clinicians. Due to time constrains and concerns of fatigue, only 5 trials were performed at 
each of the three balancing support conditions, so the inter-session reliability may be low 
based on Lee et al. [44] suggestions about the number of trials necessary to achieve 
excellent inter-session reliability.  
49 
 
In summary, HVLA SMT is a commonly used treatment option utilized by 
patients suffering from LBP. A connection has been suggested to exist between reduction 
in movement, unusual stiffness of the spine, and spinal pain [50], so this study used 
lumbar range of motion tests and a stress relaxation test to investigate two of the above 
mentioned factors (i.e. stiffness of spine and movement). These two factors are controlled 
by the components of the active and passive musculoskeletal stabilizing subsystems of 
the spine. An unstable seat device (wobble chair) was used to investigate the changes in 
the state of spinal stability, since instability of the spine may lead to the development of 
LBP [4][5]. Therefore, investigating the above factors can provide us more information 
about the underlying mechanism(s) behind HVLA SMT. No significant differences were 
found in any of the test measurement values after the six sessions of HVLA SMT. Future 
studies that address the limitations found within our study, as well as other limitations not 
addressed, may observe a different conclusion.   
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Chapter 6: Future Work 
6.1 Future Work 
Obtaining a better understanding about the acting mechanism behind HVLA SMT 
and other manual therapies used for the treatment of non-specific LBP is essential for the 
improvement of LBP treatment and management. Therefore, other subsequent studies are 
necessary to achieve a better understanding about the acting mechanism behind HVLA 
SMT and other manual therapies, as well as the affect that these treatments may have at 
different treatment locations and for different sample populations.  
Our results may have been affected by certain constraints within our study, so all 
future studies should consider such limitations. Future studies should consider using a 
larger sample size of participants. Future studies may also want to use a spring calibration 
process that is determined by the participants existing postural control level instead of the 
participants anthropometry [5][45]. As long as a single spring location is sufficiently 
challenging, participants may only need to complete the recorded seated balancing tests 
at a single spring location. Using only one spring location would allow the participant to 
complete a greater number of seated balancing tests at a given spring location, and 
therefore, obtain a better inter-session reliability for the stability measures [44].  
This study specifically investigated the HVLA SMT changes within healthy 
participants, so future studies should examine the HVLA SMT changes within a LBP 
patient population. Although our study yielded no statistical difference in any of the test 
measures between the two data collection sessions, our original hypothesized changes 
may only occur in participants actually suffering from LBP. Studies that use a LBP 
population should also clearly define the conditions of the LBP patient group (e.g. 
whether the patient is suffering acute, subacute, or chronic LBP and the severity of the 
LBP), since patients suffering from LBP at different severity levels and time frames may 
react differently to the HVLA SMT. Our study applied the HVLA treatment on the 
lumbar and sacroiliac joints, but HVLA SMT can also be performed at other locations of 
the spine. Although not related to LBP, HVLA SMT has also been suggested as a 
possible treatment option for neck pain when the HVLA SMT is applied to the thoracic 
region of the spine [9][54]. Therefore, future studies could investigate other spinal 
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treatment locations because these location may have a more favorable response to the 
HVLA SMT than the lumbar and sacroiliac joints.    
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